Abstract. Alzheimer's disease (AD) affects over 40 million patients around the world and poses a huge economic burden on society since no effective therapy is available yet. While the cause(s) for the most common sporadic form of the disease are still obscure, lifestyle and different environmental factors have emerged as modulators of AD susceptibility. Hyperhomocysteinemia (HHCY), a condition of high circulating levels of homocysteine, is an independent but modifiable risk factor for AD. Studies in AD mouse models have linked HHCY with memory impairment, amyloidosis, tau pathology, synaptic dysfunction, and neuroinflammation. However, the exact mechanism by which HHCY affects AD pathogenesis is unclear. The 5-lipoxygenase (5LO) is a protein upregulated in postmortem AD brains and plays a functional role in AD pathogenesis. Recently, in vitro and in vivo studies showed that HHCY effects on amyloid-␤ and tau pathology, synapse and memory impairments are dependent on the activation of the 5LO enzymatic pathway, since its genetic absence or pharmacological inhibition prevents them. HHCY induces 5LO gene upregulation by lowering the methylation of its promoter, which results in increased translation and transcription of its mRNA. Based on these findings, we propose that epigenetic modification of 5LO represents the missing biological link between HHCY and AD pathogenesis, and for this reason it represents a viable therapeutic target to prevent AD development in individuals bearing this risk factor.
INTRODUCTION
Alzheimer's disease (AD) is the first cause of dementia and fifth cause of death among the elderly accounting for over 40 million patients around the world and posing a huge economic burden on the entire society. With the aging of the general population, AD incidence and its related costs are predicted to increase drastically in the next 30 years [1] . Despite extensive research effort, no effective therapy is available to block or slow down AD pathogenesis leaving millions of patients with no hope. AD can be classified in two main forms: familial early-onset (FAD) and sporadic late-onset AD. While the causes for the most common sporadic form of the disease are still completely obscure, in recent years a lot of attention has been focused on an individual's lifestyle and environmental factors as functional and active players in modulating the susceptibility for sporadic AD. Epidemiological studies have reported that elevated levels of circulating homocysteine, also known as hyperhomocysteinemia (HHCY), are strongly correlated with AD development later in life. Prospective studies on AD patients have identified HHCY as a contributing risk factor to AD pathogenesis rather than a biomarker for AD susceptibility [2] . Preclinical studies using transgenic mouse models of AD have linked HHCY with memory impairment, amyloidosis, tau pathology, synaptic dysfunction, and neuroinflammation. However, the exact mechanism by which HHCY affects AD pathogenesis remains unclear.
The 5-lipoxygenase (5LO) is a protein enzyme widely distributed in the central nervous system (CNS), which is upregulated in postmortem brain of AD patients and plays a functional role in AD pathogenesis [3, 4] . In particular, 5LO promotes cognitive deficits and affects AD pathophysiology by promoting both amyloid and tau pathology via ␥-secretase and cyclin-dependent kinase 5 (CDK-5) mechanisms, respectively [5] .
Recent findings demonstrate that HHCY promotes 5LO enzymatic pathway upregulation by diminishing methylation of its promoter [6] . In vivo and in vitro studies have shown that HHCY promotes memory decline, amyloidosis, tau pathology, synaptic dysfunction, and neuroinflammation via a 5LO-dependent mechanism [7] . We hypothesize that 5LO is the key mechanism mediating HHCY-induced effects on neurodegenerative processes which are of functional importance for AD pathogenesis. This new information opens new therapeutic avenues viable for preventing and/or halting the effect of HHCY on AD development.
ALZHEIMER'S DISEASE
AD is an irreversible neurodegenerative disorder characterized by progressive accumulation of misfolded proteins in the brain and neuronal cell death that ultimately lead to memory loss and cognitive dysfunction. The principal hallmarks of AD are extracellular deposits of amyloid-␤ (A␤) peptides, also known as A␤ plaques, and intracellular accumulation of hyperphosphorylated tau protein (tau neurofibrillary tangles) in specific brain areas important for memory and learning functions [8] .
A␤ is formed by the cleavage of amyloid-␤ precursor protein (A␤PP) by either ␣-or ␤-secretase enzyme followed by an additional cleavage via the ␥-secretase. The ␣-secretase promotes non-amyloidogenic cleavage of A␤PP while ␤-secretase promotes amyloidogenic cleavage of A␤PP. Amyloidogenic cleavage of A␤PP leads to A␤ formation and release in the extracellular compartment [9] . While in the healthy brain, the two pathways are in balance, in AD the amyloidogenic pathway prevails leading to A␤ accumulation as oligomers, fibrils, and finally fully developed plaques. Tau is a microtubule associated protein that normally binds to tubulin to promote microtubule stability. In the axon, tau protein is a crucial component of the cytoskeleton promoting structural stability and healthy axonal transport [10] . In AD, tau protein is hyperphosphorylated due to increased activity of specific pathogenic kinases such as CDK5 and GSK3␤, or a reduction in the activity of phosphatases such as PP2A, which are involved in tau de-phosphorylation. Hyperphosphorylated tau loses affinity for the microtubules and form paired helical filaments that constitute the core of tau neurofibrillary tangles, and as result axonal structure and transport becomes severely compromised [11] [12] [13] .
HOMOCYSTEINE METABOLISM
Homocysteine (HCY) is a non-essential sulfur containing amino acid produced from methionine as part of the methionine recycling pathway (Fig. 1 ) [14] . In this pathway, methionine is first converted to S-adenosylmethionine (SAM) by the action of SAM synthase, which condenses ATP with methionine to form SAM. SAM, in turn, is the key methyl donor in almost all biological methylation reactions. As a consequence of the methyl group donation, SAM is converted to S-adenosylhomocysteine (SAH), which in turn is acted upon by SAH hydrolase to yield HCY and adenosine (Fig. 1) . It should be noticed that this reaction is entirely reversible, but it is generally driven in the forward direction in vivo due to the low concentration of adenosine and HCY inside the cell. The resulting HCY molecule has two potential metabolic fates, either re-methylation to form methionine, or transfulfuration to form cystathion- ine and eventually cysteine to be eliminated in the urine (Fig. 1) . The re-methylation reaction is carried out by the methionine synthase (MS) and betainedependent Hcy methyltransferase (BHMT), enzymes requiring vitamin B12 in the form of methyl cobalamin, while the transulfuration reaction is catalyzed by cystathionine ␤-synthase (CBS) which uses vitamin B6 as cofactor. Because of the cyclic nature of the recycling pathway, CBS is the rate limiting enzyme in the catabolism of HCY [15] . Compared with other organs, HCY brain metabolism is peculiar since it is strictly dependent on folate and cobalamin supplies [14] .
HYPERHOMOCYSTEINEMIA
Hyperhomocysteinemia (HHCY) is a condition characterized by high circulating levels of HCY. In humans, plasma HCY levels are usually between 5 and 15 M. Several degrees of HHCY can be classified based on its plasma concentration levels. In particular, moderate HHCY is characterized by plasma levels between 16 and 30 M, intermediate between 31 and 100 M, and severe if plasma concentration exceeds 100 M [14] . Several factors can lead to HHCY. Genetic deficiency in the enzymes involved in HCY metabolism as well as a diet scarce in folate, vitamin B12 or B6 and finally aging can all promote HHCY [15] . HHCY is a known risk factor for several diseases including cardiovascular diseases and neurodegenerative diseases, including among others AD, Parkinson's disease, and progressive supranuclear palsy [14] [15] [16] .
HYPERHOMOCYSTEINEMIA IN ALZHEIMER'S DISEASE
The first report of high HCY levels in AD dates back to Regland's study done in the 1990s that documented elevated HCY levels in 22 primary degenerative dementia patients [2] . Since then, retrospective studies have confirmed the association between HHCY levels and AD. However, no changes were found in cerebrospinal fluid HCY levels between AD patients and healthy controls [17, 18] . To better understand whether HHCY is cause or effect of AD, several prospective studies have been performed on normal subjects, mild cognitive impairment (MCI) subjects, and AD patients. These studies have concluded that HHCY precedes AD development, correlates with cognitive decline and may predict the evolution of MCI to AD [19, 20] . Based on this evidence, HHCY seems to be the cause rather than consequence of AD pathogenesis. However, no interventional study utilizing HCY lowering therapies or folate supplementation has shown consistent success in terms of blocking AD pathogenesis [21, 22] . Although we do not have a clear answer to interpret these data, below are some general considerations that attempt to reconcile the discrepancy between observational and interventional studies. It is possible that better designed clinical trials are required to prove whether or not there is a cause-effect relationship between HHCY and AD. For instance, some of the published studies have recruited individuals with HCY levels in the normal range for the particular age of the population. Future prevention studies with HCY-reducing strategies should recruit subjects with actual HHCY and treat them for an appropriate length of time. Implementation of better and more appropriate cognitive tests, particularly the ones focusing on memory and information-processing speed, should be included in any future HHCY-lowering study on AD patients. Finally, a recent hypothesis (see below) postulates that HHCY is only a marker of altered cell methylation potential, which by affecting the expression of particular genes ultimately promotes mechanisms of importance for AD pathogenesis. Thus, folic acid supplementation, despite reducing plasma HCY levels, would not influence cell methylation levels and, actually, by facilitating methionine synthesis, could paradoxically even exacerbate hypomethylative reactions.
Numerous studies have been conducted in transgenic mouse models of AD with the main goal to investigate the mechanism(s) whereby HHCY modulates AD pathogenesis. In particular, crossing a transgenic mouse model of AD-like amyloidosis with a mouse model of CBS gene deficiency resulted in an exacerbation of A␤ pathology [23] . Several studies demonstrated that low folate diet exacerbates amyloid pathology, tau hyperphosphorylation synaptic dysfunction, and neuroinflammation in other transgenic mouse models of AD [24] . Moreover, low folate diet promoted cerebral amyloid angiopathy in the same mouse model of AD [25] .
THE 5-LIPOXYGENASE ENZYMATIC PATHWAY
Lipoxygenases are monomeric non-heme ironcontaining enzymes that catalyze the dioxygenation of free and esterified polyunsaturated fatty acids into conjugated hydroperoxides, which are involved in several autocrine, paracrine and endocrine signaling mechanisms [26] . 5LO catalyzes the oxygenation on the carbon in position 5 of the arachidonic acid to form leukotrienes with the aid of 5LO activating protein (FLAP) [27] (Fig. 2) . The 5-hydroperoxyeicosatetraenoic acid (5-HPETE) is the first product of 5LO action on its substrate that is later converted to 5-hydroxyeicosatetraenoic acid (5-HETE) or leukotriene A4 (LTA4). LTA4 can be metabolized either to leukotriene B4 or C4 (LTB4 or LTC4), with LTC4 further being metabolized to LTD4 and LTE4, potent bioactive inflammatory lipid mediators [28] .
The 5LO is widely expressed in the cardiovascular system, that is, aorta, coronary, and carotid arteries, as well as in macrophages and neutrophils. Interestingly, its expression levels are increased in aortas of old animals when compared with young ones [29] . This enzymatic pathway is also widely expressed in the CNS, where it localizes mainly in neuronal cells of the hippocampus and cortex, and, similar to the vasculature, its levels increase significantly with aging Fig. 2 . The 5LO pathway. 5LO activating protein (FLAP), 5-hydroperoxyeicosatetraenoic acid (5-HPETE), 5-hydroxyeicosatetraenoic acid (5-HETE), leukotriene A4 (LTA4), leukotriene B4 (LTB4), leukotriene C4 (LTC4), leukotriene D4 (LTD4), and leukotriene E4 (LTE4). The 5LO converts arachidonic acid to 5-HPETE with the aid of FLAP. 5-HPETE is then converted to 5-HETE or LTA4. Finally, LTA4 can be metabolized via a hydrolase to LTB4 or a synthase to LTC4, which via the ␥-glutamyl-transferase can ultimately be transformed into LTE4 by the action of a specific dipeptidase. [30, 31] . The expression of 5LO is susceptible to hormonal regulation, since higher levels are observed in conditions of melatonin deficiency and/or hyperglucocorticoidemia [32, 33] , both of which are common in elderly subjects [34] . Although in general upregulation of 5LO might serve a physiological purpose, during the aging process, it may also increase the vulnerability of the cardiovascular system and CNS to different insults/stressors [35] . Given that older subjects are at greater risk of health complications and mortality stemming from altered inflammatory and immune functions, and aging, via the upregulation of 5-LO, can be an important risk factor, the effects of stressors on this enzymatic pathway are of particular importance.
5LO AND AD PATHOGENESIS
The 5LO is upregulated in postmortem brains of AD patients, and in a small study, polymorphisms of the 5LO gene have been associated with early-and late-onset AD [36] . In vitro studies have demonstrated that 5LO overexpression promotes A␤ formation via the ␥-secretase pathway. On the other hand, 5LO knockdown or inhibition in the same in vitro system reduces expression of ␥-secretase steady level components lowering A␤ production [37] . 5LO is also involved in regulating tau phosphorylation. Indeed, its overexpression in vitro promotes tau hyperphosphorylation via CDK-5 pathway. At the same time, 5LO knockdown or inhibition reduces tau phosphorylation in vitro by reducing CDK5 activation [38] . These results were confirmed in different transgenic mouse models of AD [39, 40] . In particular, 5LO knockout or pharmacologic inhibition mitigates the cognitive deficit and synaptic dysfunction in both Tg2576 and 3xTg mice, models of pure amyloidosis, and both amyloid and tau pathology, respectively [37] [38] [39] [40] [41] . In the same animals, 5LO knockdown or pharmacologic inhibition reduced amyloid burden, tau hyperphosphorylation, synaptic pathology, and neuroinflammation [37] [38] [39] [40] [41] . Finally, treatment of aged 3xTg animals with zileuton, a 5LO specific inhibitor, after the AD-like phenotype is well established rescued cognitive decline, amyloidosis, tau pathology, synaptic dysfunction, and neuroinflammation [5] .
IS 5LO THE MISSING LINK BETWEEN HHCY AND AD?
Despite HHCY is a well-characterized modifiable risk factor for AD, the mechanism(s) by which HHCY promotes AD pathogenesis are not clear. Several hypotheses have been proposed such as increased oxidative stress, cerebrovascular damage, excitatory damage due to NMDA overstimulation and dysregulation of DNA methylation [2] . HHCY is associated with increased levels of SAH, an inhibitor of DNA methyltransferase enzymes, and depletion of SAM, a major methyl donor in the cell [42] . These changes represent the biochemical signature of a significant reduction of the methylation status within the cell. As result, HHCY has been associated with decreased DNA methylation of several genes involved in AD pathology such as ␤-secretase and presenilin 1, a major component of the ␥-secretase complex [43, 44] .
Interestingly, 5LO expression level is also tightly regulated by DNA methylation and demethylation of its own promoter, and in this sense, it is a prerequisite for its gene expression, protein synthesis, and enzymatic activity [45] . With this knowledge, we recently embarked in a series of studies aimed at investigating whether HCY activates the 5LO enzymatic pathway by influencing the methylation status of its promoter.
To this end, we implemented brains from mice with HHCY and neuronal cells exposed to HCY to study whether methylation was the mechanisms responsible for the HHCY-dependent 5LO expression and its effect on AD pathophysiology.
HHCY induced by either low folate diet, or CBS gene deficiency resulted in 5LO protein and mRNA upregulation, which was associated with a significant increase of SAH/SAM ratio, reduced DNA methyltransferase enzymes, and hypomethylation of 5LO DNA. In vitro studies confirmed these results and demonstrated that the mechanism involved in the HCY-dependent 5LO activation and A␤ formation is 5LO DNA hypomethylation secondary to the elevated levels of SAH [6] . To prove a causative role of the elevation of SAH for this novel biological effect on 5LO we set-up experiments with neuronal cells transiently overexpressing SAH hydrolase, the only known enzyme to catalyze the breakdown of SAH and effectively reducing its intracellular levels. These studies showed that SAH overexpressing cells were protected from the HHCY-dependent reduction of all three methyltransferase enzymes and subsequent 5LO DNA hypomethylation and its protein upregulation. Additionally, we showed that the effect of HCY on the 5LO enzymatic pathway was secondary to an increase in transcription of 5LO mRNA rather than an increase in its stability as it was blocked by actinomycin-D. Similarly, blockade of de novo protein synthesis by cycloheximide prevented the HHCY-dependent upregulation of 5LO and increase in A␤ formation [6] .
More recently, we have demonstrated that essential role of the 5LO pathway in the deleterious effect that HHCY has also on AD pathogenesis in vivo [7, 46] . Triple transgenic mice (3xTg), which are known to develop both A␤ plaques and tau tangles in the brain, starting at 5 months of age were chronically treated with a diet deficient in folate to induce brain HHCY, or a diet low in folate but also administered with zileuton, a 5LO specific pharmacologic inhibitor, until they were 12 months old.
At this age timepoint, animals were tested for cognitive function, brain amyloidosis, tau pathology, synaptic integrity, and neuroinflammation. Compared with controls receiving regular diet, low folate diet treated animals showed a significant increase in brain HCY levels, which was associated with 5LO upregulation (mRNA, protein, enzyme activity) secondary to a significant reduction in the methylation status of its promoter. The same animals showed marked cognitive impairments when challenged in three different paradigms assessing working and spatial memory, and learning: Y-maze, fear conditioning, and Morris water maze tests. Moreover, low folate diet-induced HHCY promoted brain amyloidosis and tau hyperphosphorylation secondary to an activation of the ␥-secretase and the CDK-5 pathways, respectively. In vitro studies confirmed the effect of HCY in promoting amyloidosis and tau phosphorylation and the mechanisms involved. Moreover, the effect of HHCY on tau phosphorylation was totally independent from the effect on A␤ since blockade of ␥-secretase activity was not sufficient to prevent HCY-induced tau hyperphosphorylation [46] . Finally, animals with diet-induced brain HHCY expressed lower levels of synaptic integrity marker postsynaptic density protein 95 (PSD-95), and higher levels of GFAP, an astrocytosis marker. By contrast, low folate diet animals receiving at the same time zileuron (the 5LO specific inhibitor) despite the HHCY in their brains did not manifest behavioral impairments, and were indistinguishable from the controls in terms of brain amyloidosis, tau phosphorylation, synaptic integrity, and neuroinflammatory markers [7] . In vitro studies in neuronal cell lines confirmed that 5LO pharmacologic blockade was sufficient to prevent HCY-induced A␤ accumulation [7] .
Similar results were obtained utilizing a purely genetic approach in wild type animals [47] . In particular, wild type and 5LO knockout animals were chronically treated with low folate diet or regular chow for 7 months. At 12 months of age, animals were tested for cognitive function, brain amyloidosis, tau pathology, synaptic integrity and neuroinflammation. Low folate diet treated wild type animals showed increased brain HCY levels and behavioral deficits when challenged in the fear conditioning paradigm which measure short term retention memory, compared to controls. The same animals showed increased A␤ levels and tau phosphorylation in brain tissue compared to controls. Moreover, low folate diet animals displayed higher expression of astrocytosis marker GFAP, but lower levels of synaptophysin and PSD-95, two markers of synaptic integrity. By contrast, mice genetically deficient for 5LO despite the HHCY secondary to the low folate diet did not manifest any cognitive impairment, and no changes in A␤ levels, tau phosphorylation, neuroinflammation, and synaptic integrity when compared with controls receiving the regular diet [47] . Taken together, these findings further confirm and establish the novel and necessary role that the 5LO protein enzyme plays in mediating the negative effect of HHCY on the development of the entire AD phenotype.
CONCLUDING REMARKS
In its sporadic form, AD is a chronic neurodegenerative disease most likely resulting from a complex interplay between endogenous (i.e., genes) and exogenous (i.e., environment) factors. Although our knowledge of these risk factors is still incomplete, consistent evidence suggests that there are some modifiable ones which can directly influence its pathogenesis. Among them, epidemiological and clinical studies have revealed that HHCY double the risk for developing AD independently of several other major variables [48, 49] . However, the original hypothesis which predicted a simple and direct effect of HHCY on AD pathophysiology has been challenged by the conflicting results of the clinical trials aimed at lowering its circulating levels [22, 50] . By contrast, our body of work is consistent with a new working hypothesis in which HHCY via the increased intracellular SAH levels is a metabolic marker for a basic underlying cellular defect (hypomethylation) that by regulating specific gene expression influences the neuronal cell phenotype and ultimately causes the onset of the neurodegenerative disease (Fig. 3) . Thus, we demonstrated for the first time that HHCY in the CNS upregulates the 5LO enzymatic pathway via the hypomethylation of its promoter secondary to the increased SAH levels, and that this activation then modulates the entire AD phenotype. Importantly, we have also established the necessary role for the HHCY-dependent effect on the cellular and molecular epigenetic events that drive neurodegenerative processes in vivo and in vitro.
Importantly, our novel hypothesis could provide a biochemical explanation for the negative results of strategies using vitamins to reduce HCY levels. Thus, despite the fact that folic acid reduces plasma HCY, it does not influence SAH concentration and, in fact by facilitating methionine synthesis can indirectly even increase SAH production, further aggravating hypomethylation. In this sense, the real target in a condition of HHCY would be SAH and not HCY itself. However, at the moment there is no avail- Fig. 3 . The methylation hypothesis. HHCY promotes SAH increase that blocks DNA and histone methylation by inhibiting DNA methyltranferase (MT). This process results in altered expression of disease associated genes. Fig. 4 . Effect of HHCY on AD pathogenesis through 5LO. In a condition of HHCY the resulting increase in SAH levels reduce 5LO promoter methylation, which then translates in its own activation and higher 5LO gene expression. Higher 5LO levels promote amyloid-␤ formation and tau phosphorylation through the ␥-secretase and CDK5 pathways, respectively. These events ultimately result in synaptic dysfunction and pathology, neuroinflammation and memory deficit. able therapeutic strategy which specifically targets intracellular SAH. Studies targeting SAH by gene therapy in animal models of HHCY and AD are warranted.
The biological relevance of our new findings is underscored by the observation that this biological effect can be reproduced by using a dietary as well as a genetic approach, and, most importantly, by implementing not only transgenic mouse models but also wild type animals supporting the concept that this effect is independent from the transgene and therefore a generalized one.
In conclusion, the significance of our work lies in the fact that it establishes a novel and strong biological link between HCY (environmental risk factor), and 5LO (genetic risk factor) with the AD pathogenesis via epigenetic mechanisms (DNA hypomethylation) (Fig. 4) . Having established the central and necessary role for 5LO in the HCY-dependent AD phenotype development, and elucidated the molecular mechanisms responsible for it, our studies are now providing important and novel insights into the understanding of HCY as active player in the neurobiology of AD and important new therapeutic clues for the treatment of individuals bearing this risk factor.
